A thermal nonequilibrium region near wall in a capillary discharge is considered. The proposed model suggests that nonequilibrium thermal boundary layer thickness strongly depends on the capillary wall ablation rate. It is shown that the applicability of the thermal equilibrium condition, widely employed in capillary models, is limited to a case with a large ablation rate.
Nowadays, capillary discharge plasma sources have numerous applications, including plasma thrusters, 1 energetic propellant ignition and combustion, 2 circuit breakers, 3 softx-ray and extreme ultraviolet sources, 4, 5 etc. In addition, capillary discharge is a very promising source for producing preformed plasma channels that can guide high-power laser pulses. 6 Optical guiding of high-intensity laser pulses is used in a number of applications, such as laser wake-field accelerators, x-ray lasers, harmonic generators, etc. [7] [8] [9] [10] Laser propagation through the plasma with constant beam size, the so-called matched beam, can occur if the diffraction term is balanced by the refraction term. 11 In case of the capillary sustained plasma, the matching laser beam radius is determined by the plasma density radial distribution inside the capillary. 11 The refraction index depends on the plasma density, and therefore the plasma column with a density profile introduces the refraction index change. Simple analysis shows that a plasma column with density minimum on axis produces a desired refractive index profile for guiding.
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Two distinct types of capillary discharge were used for optical guiding, namely ablation-controlled capillary 12 and gas-filled capillary. 7 Ablation-controlled capillary operates by ablation and ionization of the wall material, while gasfilled capillary discharge is supported by ionization of the prefilled gas, thus ionization is decoupled from the plasmawall interactions. In both types of the capillary discharge simulations and measurements indicate that the radial plasma density profile is parabolic near the capillary exit plane. 8, 13 Since the radial plasma density profile in the capillary has primary importance for optical guiding, it was a subject of numerous studies. [6] [7] [8] [9] [10] [11] [12] [13] Models of the gas-filled capillary discharge were based on the premise that the radial plasma temperature distribution ͑and therefore the plasma density distribution͒ inside the capillary is determined by the energy balance between the Ohmic heating and cooling due to electron heat conductivity. 13, 14 In previous models, 13, 14 it was assumed that all plasma species are in thermal equilibrium in the entire capillary cross section, so that near the capillary wall all temperatures are equal, i.e., T = T i = T e = T a , where T i is the ion temperature, T e is the electron temperature, and T a is the neutral particle temperature. This assumption allows obtaining a straightforward solution for the radial temperature and density profiles. While the approach proposed in Refs. 13 and 14 is reasonable in the case of the gas-filled capillary, it may not be accurate in the case of the ablationcontrolled capillary discharge in which the plasma is generated as a result of wall ablation. In fact, it is known that there is a sharp gradient of plasma properties near the wall. 15 The strong gradient near the wall exists because the cold vapor inflows to the plasma due to wall ablation. For instance, in the case of polyethylene capillary discharge with a pulse power of about a few MW, the plasma temperature is about 1 -2 eV, while the neutral vapor temperature at the wall is about 700 K ͑Ref. 16͒. Therefore, the plasma in the nearwall region may depart from the thermal equilibrium. Since the difference between the electron temperature and the neutral vapor temperature near the wall is large, one cannot use a priori the thermal equilibrium assumption in the entire channel cross section. It is apparent that the temperature gradient may affect the heavy particle density distribution in the near-wall region. In this article, we analyze a general approach considering temperature nonequilibrium near the capillary wall and reexamine the assumption previously employed, i.e., thermal equilibrium in the entire channel cross section. The applicability of an assumption about the thermal equilibrium is important for modeling of the capillary discharge plasma for variety of applications.
It should be pointed out that the principal effect causing thermal nonequilibrium and sharp temperature gradient is the ablation of the wall. Ablation is determined by the velocity at the edge of the Knudsen layer, which depends on the plasma properties in the capillary bulk region. 17, 18 In the present analysis, we will study an influence of the velocity at the edge of the Knudsen layer as a parameter.
Our model considers the axisymmetric steady-state problem of the capillary discharge shown schematically in Fig. 1 . Since, typically, the capillary length L is much larger than the capillary radius R, i.e., L / R ӷ 1, one can assume that plasma parameters are uniform in an axial direction, except a region near the exit plane where significant acceleration takes place. 16 Thus, we focus on the radial distribution of the plasma parameters. We start with the energy conservation equations for neutrals and electrons in the following simple form: where V a is the vapor velocity at the edge of the Knudsen layer ͑see Fig. 1͒ , j is the current density along the capillary, T e , T a are electron and atom temperatures, respectively, ⌫ e is the electron flux to the wall ͑it is assumed that wall has a floating potential, and electron flux is determined by electron density and temperature at the sheath edge͒, and eh is the electron-heavy particles collision time. Electron collision with heavy particles is the mechanism leading to thermalization between hot electrons and cold neutrals vaporized from the wall. We assume that heavy particles are in equilibrium, so that T i = T a = T h . Ion and electron motion is determined by the electric field near the capillary walls. In the quasineutral part of the near-wall region ͑presheath͒, the plasma density can be described as follows:
where iz is the ionization frequency and V is the ion velocity ͑radial component͒. We calculate the degree of ionization in the plasma bulk region assuming Saha equilibrium. Since there is no significant flow in the radial direction ͑typically V a / C s Ӷ 1͒, the pressure can be assumed to be constant in the capillary, P͑r͒ = n a T a + n e T e + n i T i = const. It should be noted that this assumption does not preclude the existing temperature and density gradients, which cancel each other.
Surface temperature of the capillary wall determines the vapor pressure. For instance, in the case of polyethylene the vapor pressure can be approximated as follows: 20, 21 P v = 10
where pressure P v is in Pa, A = 5565.22, B = 453, and T s is the surface temperature ͑in degrees K͒. We will present a solution for the particular case of a capillary made of polyethylene and having the following geometry:
3 capillary length is L = 35 mm and capillary radius is R = 3 mm. Plasma parameter distribution is calculated using the capillary model described elsewhere ͑Refs. 1, 16, and 21͒ for the following conditions: discharge duration is 300 s and sinusoidal current waveform with a current peak of about 2.6 kA. In this case, the following values are predicted for polyethylene surface temperature and plasma parameters: surface temperature is about T s = 700 K, electron temperature is about T e = 1.5 eV, and plasma density peak is about 10 25 m −3 . Note that the velocity at the Knudsen layer edge V a ͑parameter ␣͒ depends on the axial position along the capillary and thus in the present radial model can be considered as a free parameter. 21 Electron and heavy particle temperature distributions are shown in Fig. 2 with normalized velocity V a as a parameter. One can see that parameter ␣ ͑which is the normalized velocity at the edge of the Knudsen layer͒ significantly affects the temperature distribution. According to the calculation shown in Fig. 2 , the thickness of the plasma nonequilibrium region ͑i.e., the region with T h Ͻ T e ͒ is much larger than the effective mean free path determined as C s / iz . Larger parameter ␣ leads to a thinner temperature nonequilibrium region. It is important to note that in the case of a large parameter ␣, the electron and the heavy particle temperatures are in equilibrium, while electron temperature at the wall is reduced due to intensive cooling.
Recall that in general, the parameter ␣ is determined by the capillary discharge parameters such as plasma density, electron temperature, capillary wall surface temperature, capillary wall material, as well as position along the capillary ͑Refs. 1, 16, and 21͒. This parameter can be calculated in the framework of the ablation model described elsewhere. 22, 23 Typical dependence of the parameter ␣ on the surface temperature is shown in Fig. 3 with plasma density as a parameter. One can see that the maximum parameter ␣ is small, i.e., velocity at the edge of the Knudsen layer is much smaller than the sound speed. Maximum velocity slightly increases with the plasma density increase. Based on typical values of the parameter ␣ shown in Fig. 3 and calculations of the temperature boundary layer shown in Fig. 2 , one can conclude that the thermal equilibrium approximation cannot always be justified.
In summary, analysis of the thermal nonequilibrium region in the capillary discharge suggests that the nonequilibrium region thickness depends strongly on the ablation regime. The temperature equilibrium condition in the entire capillary channel can be used if the velocity at the Knudsen layer edge is relatively large, i.e., ␣ ജ 0.05. In other words, the applicability of the thermal equilibrium assumption, widely accepted in the capillary discharge modeling, is limited to cases with higher ablation rates.
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